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Electrospray ionization (ESI) is commonly used in macromolecular mass spectrometry, yet the
dynamics of macromolecules in ESI droplets are not well understood. In this study, a Monte
Carlo based model was developed, which can predict the efficiency of electrospray ionization
for macromolecules, i.e., the number of macromolecular ions produced per macromolecules
electrosprayed. The model takes into account ESI droplet evaporation, macromolecular
diffusion within the droplet, droplet fissions, and the statistical nature of the ESI process. Two
idealized representations of macromolecular analytes were developed, describing cluster
prone, droplet surface inactive macromolecules and droplet surface active macromolecules,
respectively. It was found that surface active macromolecules are preferentially ionized over
surface inactive cluster prone macromolecules when the initial droplet size is large and the
analyte concentration in solution is high. Simulations showed that ESI efficiency decreases
with increasing initial droplet size and analyte molecular weight, and is influenced by analyte
surface activity, the properties of the solvent, and the variance of the droplet size distribution.
Model predictions are qualitatively supported by experimental measurements of macromo-
lecular electrospray ionization made previously. Overall, this study demonstrates the potential
capabilities of Monte Carlo based ESI models. Future developments in such models will allow
for more accurate predictions of macromolecular ESI intensity. (J Am Soc Mass Spectrom
2008, 19, 1098–1107) © 2008 American Society for Mass SpectrometryElectrospray ionization (ESI) allows for the pro-duction of gas-phase ions from nonvolatile spe-cies in solution, and is particularly useful in the
measurement of biological macromolecules with
masses in the kDa and MDa ranges. Despite its wide-
spread use, many aspects of the ESI of macromolecules
are poorly understood [1]. The efficiency of the ESI
process, i.e., the number of gas-phase ions produced per
number of analytes electrosprayed, is a fundamental
parameter in ESI that is typically unknown [2]. Droplets
of the electrosprayed solution are produced in ESI,
which have multiple excess charges on their surface [3].
Analytes are ionized from these droplets by one of two
mechanisms: the charged residue mechanism [4] or the
ion emission mechanism [5, 6]. Analyte ionization by
the charge residue mechanism requires that analytes be
separated from one and other (one analyte per droplet)
[7]. This is accomplished by Coulombic fissions of
evaporating charged droplets in which unstable drop-
lets emit smaller, charged progeny droplets [8]. Al-
though complete separation of analytes is not necessary
in the ion emission mechanism, ESI droplets must have
diameters about 10 nm for ion emission to occur [6], and
ion emission also occurs only after a series of droplet
fission events [9].
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doi:10.1016/j.jasms.2008.05.007The parameters governing the ionization of small
analytes, which are believed to be ionized by the ion
emission mechanism [10], have been examined experi-
mentally and theoretically [9, 11–18]. In these studies,
the efficiency of ionization was related to the chemical
properties of the analytes in the droplet and their
equilibrium partitioning between the inner and outer
regions of ESI droplets. It was determined that the
factor limiting the conversion of solution phase analytes
to gas-phase ions was the availability of excess charge
on ESI droplets. Conversely, experimental evidence sug-
gests that ESI of macromolecules, with masses in the
kDa range and larger, occurs by the charge residue
mechanism [7, 19, 20]. While models based on equilib-
rium partitioning between inner and outer droplet may
be sufficient for describing ESI of small, field emitting
ions, an alternative model is needed to explain ESI of
larger macromolecules. Macromolecules in aqueous so-
lution can behave similar to colloidal particles, and their
distribution and motion within an evaporating droplet
is not only determined by their chemical properties but
also the physical properties of the droplet and the
macromolecules.
Few experimental studies have examined the param-
eters that determine the efficiency of the ESI process for
macromolecules. McLuckey and coworkers [21] mea-
sured the signal intensities (related directly to the
ionization efficiency) of analyte ions from protein mix-
tures electrosprayed at various pH values and deter-
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efficiency was the protein surface charge. Likewise,
Kuprowski and Konermann [22] showed that the signal
intensity of ions from ESI of denatured proteins with
higher surface charge is greater than the signal intensity
of ions from the ESI native state proteins. Thus far,
however, a model of the ESI process for macromole-
cules has not been developed. The purpose of this work
was to construct a Monte Carlo based model taking into
account heat and mass transfer in ESI droplets, macro-
molecule diffusion in ESI droplets, and droplet fissions,
which can be used to predict the efficiency of ESI for
macromolecules. The model was used to determine the
analyte ionization efficiency and signal intensity as a
function of the ESI droplet size, analyte concentration in
solution, analyte molecular weight, analyte surface ac-
tivity, and variance in droplet size. Commonly used
conditions for nanoelectrospray (nano-ESI) [23] were
simulated. Simulated data were compared qualitatively
to measurements of macromolecules by ESI-MS found
in the literature.
Theory and Model Development
Macromolecular ESI was modeled accounting for drop-
let evaporation and Coulombic fissions. A physical
representation of the model is shown in Figure 1. A
similar model has been used to determine the structure
of films formed by the deposition of electrosprayed
nanoparticles [24] and the size distribution of nanopar-
ticles produced by electrospray [25]. An initial diameter
and excess surface charge for a single ESI droplet were
specified, and the number of analytes in the droplet was
randomly chosen from a Poisson distribution. The
droplet then evaporated and analytes moved randomly
within the droplet by Brownian motion, until the drop-Figure 1. Representationlet reached the Rayleigh limit. At the Rayleigh limit, the
droplet underwent fission and lost mass and charge in
the form of progeny droplets [8]. The number of ana-
lytes in each progeny droplet was selected from a
Poisson distribution based on the analyte concentration
in the outer region of the main droplet. Two analyte
types were considered, cluster prone (CP) and surface
active (SA). CP analytes formed ions if and only if there
was one analyte per progeny droplet. SA analytes
formed ions so long as the volume fraction of SA
analytes in the progeny droplets was less than a critical
volume fraction [26], taken as 0.50 for these calculations.
After a fission event, the main droplet was then allowed
to evaporate until Rayleigh limit was again reached.
This procedure was repeated for multiple droplets to
determine the electrospray ionization efficiency for a
given solvent, droplet size, analyte molecular weight,
analyte surface activity, and analyte concentration. Ion-
ization efficiencies were calculated from the ratio of
ionized analytes to total analytes electrosprayed. De-
tails on the development of model initial conditions,
droplet evaporation and analyte diffusion, droplet fis-
sion, analyte ionization, and efficiency calculation are
given in the following sections. Readers not concerned
with the technical details of model development may
refer directly to the Results and Discussion section.
ES Droplet Initial Conditions
First, an ESI droplet diameter, DD, was selected. The
droplet contained a discrete number of charges, ne,
which were uniformly distributed on the droplet sur-
face. The number of charges on the droplet surface was
initially a fraction, fr, of the number of charges atof the ESI simulation.
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equation:
ne fRQR fR

e
(80DD
3 )1⁄2 (1)
where QR is the number of charges on the droplet at the
Rayleigh limit, e is the unit electron charge (1.6  1019
C), 0 is the permittivity of a vacuum (8.854  10
12 C2
N1 m2), and  is the solvent surface tension. fr is a
function of the dielectric constant of the electrosprayed
solvent, and is estimated to be between 0.55 and 1.00 for
most solvents [27–29]. For simulations in this study,
a value of 0.70 was used for fr, as has been used
previously [8].
The ESI droplet contained a discrete number of
analyte macromolecules. The average number of ana-
lytes per droplet, Nav was calculated as:
Nav

6
CnumDD
3 (2)
where Cnum is the number concentration of analytes in
solution. In ESI, the number of analytes in each droplet
is Poisson distributed [24, 30, 31]; thus, the number of
analytes in the selected droplet, Nanal, was chosen
randomly from the Poisson distribution function:
P(Nanal)
eNav Nav
Nanal
Nanal!
(3)
where P(Nanal) is the probability that a droplet that
contained exactly Nanal analytes. During the droplet
formation process, it was assumed that analytes were
distributed randomly within the droplet, regardless of
the chemical nature of the analytes. Following calcula-
tion of the number of analytes, analytes were positioned
at random locations within the droplet. Only droplets
with more than one analyte were simulated, as droplets
with only one analyte would always give rise to a
gas-phase analyte ion. Single analyte droplets were
later accounted for in efficiency calculations (see Effi-
ciency Calculations section).
Droplet Evaporation and Analyte Motion
Once the initial droplet size, charge, and number of
analytes were determined for a droplet, it was allowed
to evaporate. The change in droplet diameter with time
due to evaporation was calculated using the using the
Fuchs-interpolation equation [32]:
dDD
dt

4vm
DD kTD
g(DD)pD (4a)
where  is the diffusion coefficient of a gas-phase
solvent molecule, vm is the volume of the evaporatingsolvent molecule, k is 1.38 1023 J/K, TD is the droplet
temperature, pD is the solvent partial pressure at the
evaporating droplet surface, and g(DD) was calculated
from the equation [32]:
g(DD)
1 2	DD
1 3.42	DD 5.33(	DD)2
(4b)
where  is the mean free path of the gas molecules
surrounding the droplet. The partial pressure of the
solvent was calculated using the Kelvin relation [32]:
pD pse
4vm
DD kTD
 (4c)
where ps is the saturation pressure of the solvent. In ESI,
heat transfer between the droplet and the surrounding
bath gas occurs concurrently with droplet evaporation.
Spatial variation of droplet temperature was neglected,
and the change in droplet temperature over time was
calculated from the equation [33]:
dTD
dt

12Kg
DD
2 
cp
(TgTD)
Hvap

2
DD
2
dDD
dt
(5)
where Kg is the thermal conductivity of the surrounding
gas, 
 is the solvent density, cp is the solvent specific
heat, Tg is the surrounding gas temperature and Hvap is
the solvent heat of vaporization. The differential equa-
tions in (eq 4a and eq 5) were solved in a coupled
manner using a fourth order Runge-Kutta procedure to
determine the change in droplet diameter over time. In
all simulations, water was used as the solvent, for
which the density is 1000 kg m3, the specific heat is
1.88 kJ kg1 K1, the heat of vaporization is 2.26  106
kJ kg1, the surface tension is 0.073 N m1, and the
molecular volume is 2.99  1029 m3. Air was used as
the surrounding gas, which has a thermal conductivity
of 0.026 W m1 K1. The saturation pressure of water,
the vapor diffusion coefficient in air, and the mean free
path of gas molecules vary with temperature; thus,
experimentally-based regression equations [32, 34, 35]
were used to calculate these parameters during the
evaporation process.
While the droplet evaporated, the analyte macromole-
cules within the droplet moved randomly due to Brown-
ian motion. Analyte macromolecules were modeled as
colloidal particles, and their change in position over time
was determined using the steady-state, inertia neglected,
discrete form of the Langevin equation, given as [36, 37]:
rp,tt rp,tB (6a)
B2 2
kbT
3da
t (6b)
where r is the analyte position vector, B is a Gaussian
random variable accounting for analyte Brownian mo-
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 is the
dynamic viscosity of the solvent t is time, and t is the
time step used for solving both equations (eqs 4, 5 and
6). Dynamic viscosities for water at varying tempera-
tures were determined using interpolation with exper-
imentally measured viscosity values [38]. The mobility
diameter of a macromolecule of a given molecular
weight was determined using curve fitting with exper-
imentally measured mobility diameters of native state
proteins [39, 40]. The motion of each analyte was
monitored within the droplet, and the influence of any
inter-analyte forces was neglected. While this assump-
tion is reasonable for analytes in solvents with high
electrical conductivity, as are commonly used in ESI,
future implementations of this model may require the
use of inter-analyte potential functions. Analyte-analyte
collisions were also neglected. The motion of analytes
was restricted at the surface of the droplet such that
analytes could not escape the droplet by Brownian
diffusion.
Coulombic Fissions and Progeny Droplet
Formation
During evaporation, it was assumed that the charge on
the droplet surface, ne, was held constant. Evaporation
of the selected droplet was allowed to proceed until the
droplet reached its Rayleigh diameter, DR, defined in
terms of the number of charges on its surface:
DRnee

2 1
0
1⁄3 (7)
At the Rayleigh diameter, the droplet underwent fission
and lost mass and charge in the form of smaller progeny
droplets. A fission event can be described by three
parameters [8]: the droplet mass loss during the fission,
lm-, the droplet charge loss during the fission, lc, and the
diameter of the progeny droplets, DpD. During the
fission event, the diameter of the droplet and charge on
the droplet were reduced according to the equations:
DD (1 lm)
1⁄3DR (8a)
ne (1 lc)ne,p (8b)
where ne,p is the charge on the droplet before the fission.
Several experimental studies have measured the mass
and charge loss in droplet fissions [41, 42]. However,
measurements were made on droplets with diameters
1 m, which are much larger than the droplets
produced in nano-ESI [43]. In this study, varying values
of lm and lc were used to determine their affects on the
ionization process. When other model parameters were
varied, fixed values of lm 0.02 and lc 0.15 were used,
which are in the range of experimental measurements
and were also used by Tang and Smith [3] as well as
Cech and Enke [9] in modeling droplet fissions.Fernandez de la Mora [8] has developed a model that
can be used to calculate the diameter of progeny
droplets. However, this model generally applies only to
droplets with diameters about micrometers. Based on
the observations of Chen et al. [43] of nano-sized
electrospray droplet diameters, the progeny droplet
diameters in all simulations were calculated from the
equation:
DpD
DR
8
(9)
Once lm, lc, and DpD were specified, the number of
progeny droplets produced during a fission event, NpD,
was calculated from the equation:
NpD lm DRDpD
3
(10)
The fission event in which progeny droplets form is
similar to the formation of the original droplets in ESI
[44]. Therefore, the number of analyte macromolecules
in progeny droplets would follow a Poisson distribu-
tion. However, not all of the droplet volume can be
ejected during a fission event; the mass and charge lost
during a fission event come from the outer region of the
droplet [44]. For the purpose of modeling droplet
fissions, the droplet was divided into inner and outer
regions, as has been suggested by Enke and coworkers
[9, 13]. The inner to outer droplet volume ratio was
taken as 4:1 in this study. No measurements have been
made previously of the inner to outer droplet volume
ratio; thus, the value used in this study was a first
approximation. The droplet mass in the outer region
was accessible to the fission; i.e., progeny droplets
formed from the outer droplet region. At the time of the
fission event (DD DR), the concentration of analytes in
the outer droplet region was calculated. Using the
concentration of analytes in the outer droplet region
and the diameter of the progeny droplets, the number
of analytes in each progeny droplet formed was calcu-
lated randomly from a Poisson distribution function (eq
3). The analytes found in progeny droplets were re-
moved from the outer region of the original droplet.
Droplet evaporation was then allowed to continue until
the droplet again reached the Rayleigh size and it
subsequently underwent fission. The evaporation/
fission process proceeded until either all analytes es-
caped the droplet or until the volume fraction of solvent
in the droplet decreased below a critical volume frac-
tion, at which point macromolecular entanglements
formed within the droplet, and fission could no longer
occur [26]. For these simulations, a modest critical
volume fraction of 0.50 was used (fission preventing
entanglements can form in many macromolecular solu-
tions at higher solvent volume fractions than 0.50). If a
single analyte remained in the parent droplet at the time
when solvent evaporation was complete, it formed a
gas-phase analyte ion.
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Gas-phase analyte ions could form from the analytes in
progeny droplets [3]. It was assumed that all analyte
macromolecules were ionized by the charge residue
mechanism and, therefore, analyte separation during
the progeny droplet evaporation/fission process was
required for analyte ionization. However, tracking the
evaporation and fission of all progeny droplets formed
from all original droplets would be too computationally
intense for a practical model, as a single ESI droplet will
give rise to a multitude of progeny droplets during the
evaporation/fission process. As an alternative, analyte
ionization from progeny droplets was determined by
whether analytes were one of two theoretical analyte
types: cluster prone surface inactive (CP) or surface
active (SA) [22]. CP analytes were modeled as particles
that would cluster in progeny droplets and did not form
gas-phase ions unless there was only one analyte in a
progeny droplet. Progeny droplets that contained mul-
tiple CP analyte macromolecules in this model evapo-
rated and left residual macromolecular n-mers, which
would not contribute to analyte signal [2]. For the SA
analyte model, it was assumed that SA analytes would
not cluster in progeny droplets, and therefore all SA
analytes formed gas-phase ions unless the solvent vol-
ume fraction in the progeny droplets was less than 0.50.
Isolated macromolecules in both models were able to
hold excess charge and become ionized in the gas
phase. Furthermore, it was assumed that small mole-
cule ion emission, which can occur from macromolecule-
containing nanodroplets [7], did not completely de-
plete the droplet of charge before complete solvent
evaporation.
Efficiency Calculations
After the evaporation-fission process completed for a
droplet, the number of ions that were produced from
both CP and SA analytes was recorded, and the
evaporation-fission process was carried out for a new drop-
let. Simulations were repeated until 100 droplets, and
enough droplets to contain 5000 analytes were simu-
lated (both criteria needed to be met). Simulations were
only performed on droplets that contained more than
one analyte. Using simulated data, the ionization ef-
ficiency under specific ESI conditions, IE, was calcu-
lated as:
IE
P(1)
1P(0)

1P(1)P(0)
1P(0)

l1
lm
Il

l1
lm
NAnal,l
(11)
where m is the number of droplets simulated under a
given set of conditions, Il is the number of analyte ions
produced from lth simulated droplet, and Nanal,l is the
total number of analytes originally contained within the
lth simulated droplet. In eq 11, the first term representsstatistically-based ionization, i.e., the droplets that con-
tain only one analyte, while the second term represents
ionization due to droplet fissions. As Il differed for CP
and SA analytes, a CP ionization efficiency and SA
ionization efficiency were calculated for each simula-
tion performed.
Results and Discussion
The effects of a variety of ESI operational parameters on
the ionization efficiency were investigated in this study.
A summary of the test cases modeled and parameter
values used in simulations is given in Table 1. The
effects of initial ESI droplet size, analyte molecular
weight, and charge and mass loss during fissions events
were studied systematically.
Initial Droplet Size
The ionization efficiency (eq 11) of CP and SA 20 kDa
analytes from ESI droplets with initial droplets of 100
nm, 200 nm, and 300 nm are shown in Figure 2a as a
function of analyte concentration. Error bars represent
the standard deviation of the ionization efficiency
between individual droplets. At low analyte concentra-
tions, regardless of initial droplet size or analyte type,
the ionization efficiency was close to 1.0, indicating that
under these conditions, all droplets either contained a
single analyte or analytes were successfully separated
from each other by Coulombic fissions. The ionization
efficiency decreased below 1.0 at higher analyte concen-
Table 1. Summary parameters used in ESI simulations
Varied parameter Parameter values
Initial droplet diameter
(100 nm, 200 nm,
300 nm)
Explosion mass loss, lm: 0.02
Explosion charge loss, lc: 0.15
Analyte concentration: 0.1–1000 M
Bath gas temperature, Tg: 100 °C
Analyte molecular weight: 20 kDaa
Analyte molecular
weight (2 kDa, 20
kDa, 200 kDa)a
Explosion mass loss, lm: 0.02
Explosion charge loss, lc: 0.15
Analyte concentration: 0.1–1000 M
Bath gas temperature, Tg: 100 °C
Initial droplet diameter: 200 nm
Explosion mass loss,
lm: 0.01–0.05
Analyte concentration: 30 M
Explosion charge loss,
lc: 0.10–0.20
Bath gas temperature, Tg: 100 °C
Analyte molecular weight: 20 kDaa
Initial droplet diameter: 200 nm
Geometric standard
deviation of initial
droplet
Explosion mass loss, lm: 0.02
Size distribution, g
(1.0, 1.2, 1.6, 2.0)
Explosion charge loss, lc: 0.15
Analyte concentration: 0.1–1000 M
Bath gas temperature, Tg: 100 °C
Analyte molecular weight: 20 kDaa
Initial Droplet Diameter: 200 nmb
aAnalyte diameters calculated from linear regression from data of
Kaddis et al. [40]; 2 kDa - 2.2 nm, 20 kDa - 4.8 nm, 200 kDa - 10.3 nm.
bGeometric mean initial droplet diameter.
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CP and SA analytes. The ionization efficiency was
strongly a function of initial droplet diameter for CP
analytes, with larger ESI droplets having lower ioniza-
tion efficiencies. This agrees well with several experi-
mental studies [14, 45] where ESI efficiency was found
to increase with decreasing ESI flow rates (lower flow
rates generally result in the production of smaller
droplets). In this model, ionization efficiency decreased
due to the formation of macromolecular n-mers, i.e., the
analytes were not completely separated from each other
during the evaporation-fission process. The ionization
efficiency was also plotted as a function of the average
number of analytes per droplet (see Supporting Infor-
mation, which can be found in the electronic version of
this article). For CP analytes, the ionization efficiency as
a function of the average number of analytes per
droplet was independent of initial droplet diameter,
indicating that CP analyte ionization is a statistical
phenomenon, dependent on the number of analytes in
the outer region of the droplet at the time of fission.
Conversely, for SA ions, ionization efficiency versus
analyte concentration curves was near-identical to each
other (Figure 2). Ionization efficiency in the SA ioniza-
tion model was also dependant the formation of n-mers,
however, the n-mer formation occurred at a critical
progeny droplet volume fraction, and therefore droplet
size had no effect on the ionization process.
In addition to the ionization efficiency, the fraction of
analytes derived from each fission, e.g., one-tenth of the
ions may come from the fourth fission, is also of interest
[9]. The fraction of CP and SA analytes originating from
the first 25 droplet fissions are shown in Figure 3a and
b, respectively. For both ion types, most analyte ions
were produced after the first fission, indicating that
droplet evaporation must complete to maximize analyte
ionization. This has implications on techniques such as
charge reduction ESI [46], in which model results show
it is preferable to charge reduce analytes after droplet
Figure 2. Efficiency of 20 kDa macromolecule gas-phase ion
formation as a function of macromolecular concentration in
solution.evaporation, as charge reduction prevents droplet fis-sions from occurring. In instances of high analyte con-
centration (100 M), analyte ionization primarily oc-
curred during the first few fissions. During the
evaporation process, the analyte concentration in ESI
droplets produced from concentration solutions became
sufficiently high in the outer droplet region; thus, any
progeny droplets produced contained too many ana-
lytes to be separated by later droplet fissions.
Analyte Molecular Weight and Surface Activity
Large analytes diffuse slower than small analytes in an
evaporating droplet, and for a given analyte molarity,
they make up a larger volume fraction of droplets.
Therefore, analyte molecular weight, i.e., physical size
of the analyte, affects ESI efficiency. The ESI efficiency
as a function of concentration for a 200 nm droplet with
analyte molecular weights of 2, 20, and 200 kDa is
shown in Figure 4a. As was found with droplet size, the
effect of analyte molecular weight on the ionization
efficiency of CP analytes differed from its affect on SA
analytes. The ionization efficiency of CP analytes was
not influenced by analyte molecular weight because the
clustering and decrease in ionization efficiency of CP
analytes was due to increases in number concentration
Figure 3. The fraction of (a) cluster prone and (b) surface active
macromolecules ionized in each successive fission of the parent
droplet.
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molecular weight SA analytes, however, made up a
greater volume fraction in progeny droplets compared
with lower molecular weight analytes and, therefore,
did not ionize as efficiently as low molecular weight
analytes.
In all simulations with analytes of different molecu-
Figure 4. (a) Efficiency of macromolecular gas-phase ion forma-
tion as a function of macromolecular concentration in solution for
different molecular weight analytes. (b) Ratio of surface active
ions to cluster prone ions produced as a function of analyte
concentration for different droplet sizes and analyte molecular
weights. (c) Relative analyte ion concentration in solution as a
function of analyte concentration for 20 kDa analytes.lar weight and different initial droplet sizes, SA ana-lytes had higher ionization efficiencies than CP ana-
lytes. Figure 4b shows the ratio of the ionization
efficiency of SA analytes to the ionization efficiency of
CP analytes for three initial droplet sizes and molecular
weights. Simulations clearly showed that the ratio of SA
ions to CP ions increased as analyte molarity increased,
droplet size increased, and analyte molecular weight
increased. Therefore, in the ionization of macromolec-
ular mixtures of CP and SA analytes, SA analytes would
be preferentially ionized from larger droplets, at higher
analyte concentrations, or for smaller analytes. This
modeled result is in good agreement with recent exper-
imental studies of protein ESI. Although the models of
CP and SA analytes used in this are study highly
idealized in their depiction of analyte behavior, they
describe the behavior of native state proteins and dena-
tured proteins reasonably well. Native state proteins often
have low net surface charge and would be less concen-
trated in the outer regions of ESI droplets [21, 47].
Therefore, native state proteins would be prone to
clustering, and their behavior in evaporating and fis-
sioning droplets would be similar to the modeled
behavior of CP analytes. Denatured proteins often have
high net surface charge, would be less likely to cluster
(electrostatic repulsion), and would escape droplets
during fissions events. Their behavior would be similar
to the modeled behavior of SA analytes. It is not
surprising that in a recent study by Kuprowski and
Konermann [22], it was found that denatured proteins
have higher measured signal intensities than do
native state proteins, and the maximum difference in
signal intensity between denatured and native state
proteins occurred when higher ESI flow rates (larger
initial droplets) and higher analyte concentrations
were used. The difference in ion concentration was
found to be as high as two orders of magnitude,
which can be expected based upon the simulations
performed here.
Simulations were also used to predict the analyte
molarity at which the analyte ion signal intensity would
be maximized (for a given initial droplet diameter). The
effective analyte ion concentration (the product of the
analyte molarity and the ionization efficiency) as a
function of analyte concentration for 20 kDa analytes
with initial droplet diameters of 100, 200, and 300 nm is
shown in Figure 4c. For both CP and SA analytes, at low
analyte concentration, the effective analyte ion concen-
tration was linearly proportional to the analyte concen-
tration, as the ionization efficiency was 1.0 for both
analyte types. CP ions reached a maximum value at an
analyte concentration that was decreasing function of
initial droplet diameter, i.e., the model showed that
using nano-ESI rather than traditional ESI increases the
effective analyte ion concentration of the solution. The
SA effective ion concentration was unaffected by drop-
let diameter, as was expected based on the model
results shown in Figure 2. SA effective ion concentra-
tions (which relate directly to signal intensity), reached
a maximum value and remained at the maximum value
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found experimentally by McLuckey and coworkers [21]
for three different denatured (surface active) proteins.
Although the results of Pan and McLuckey [47] as
well as Kuprowski and Konermann [22] are in good
qualitative agreement with predictions from the model
used here, the explanation of results used in those
studies differed from the justifications of results based
on this model. In both referenced studies, the observed
results were attributed to the lack of available excess
droplet surface charge to sufficiently charge all ana-
lytes. In the model used here, decreases in ionization
efficiency are attributed to analyte clustering. Certainly,
both phenomena, charge depletion and analyte cluster-
ing, can give rise to decreases in ESI efficiency and must
be taken into consideration. For the 100, 200, and 300
nm droplets used in this study, the charge concentra-
tion (ne in eq 1 divided by the droplet volume, given in
moles of excess charge) in the initial droplet was 3127,
1106, and 602 M respectively. For macromolecules and
with nano-ESI, as were studied here, the effects of
analyte clustering for both CP and SA analytes appear
to be the limiting factor in ESI ionization, as efficiency
decreases occurred in simulations for CP analyte con-
centrations around 10 M and SA analyte concentra-
tions around 100 M. Although macromolecules would
presumably be multiply charged [7], analyte clustering
would likely be the factor limiting complete analyte
ionization at these concentrations. However, for small,
surface active analytes, such as the 2 kDa analyte
simulated here, charge depletion would be limiting [48].
The influence of charge depletion on ESI efficiency
would also be magnified if larger droplets (ESI rather
than nano-ESI) were used. Future modeling efforts will
need to take into account both analyte clustering and
charge depletion, the presence of SA and CP ions in the
same droplets (true modeling of macromolecular mix-
ture ESI), and the effects of the presence of small cations
[7, 48] to fully describe the limiting factor in ESI.
Solvent Properties
The mass and charge lost during fission events vary
with solvent composition. The ionization efficiency of
20 kDa CP and SA analytes from 200 nm droplets with
an analyte concentration of 25 M are shown in Figure
5a and b, respectively. For both analyte types, ioniza-
tion efficiency increased with increasing mass loss dur-
ing fission and with decreasing charge loss during
fission. These results clearly show that solvent proper-
ties strongly influence ionization efficiency. Unfortu-
nately, little work has been done on measurement of the
mass and charge lost from nanometer sized droplets,
but it will be necessary to do so in the future, particu-
larly for solvents relevant to mass spectrometry, to fully
understand ESI.Initial Droplet Size Distribution
In ESI-MS experiments, initial droplets do not all have
the same diameter; rather, there is an initial droplet size
distribution function, (DD). Experimental studies [26,
30] of the diameter of initial droplets have shown that
the size distribution function of ESI droplets can be
described by the equation [24]:
(DD)
1
DD ln(g)2
exp(ln(DD) ln(DDg))22 ln2(g) 
(12)
where DD is the initial droplet diameter, DDg is the
Figure 5. Ionization efficiency of (a) cluster prone and (b) surface
active macromolecules as a function of the percent mass loss and
percent charge loss of the parent droplet during each fission event.initial droplet geometric mean diameter (median diam-
1106 HOGAN AND BISWAS J Am Soc Mass Spectrom 2008, 19, 1098–1107eter), and g is the initial droplet size distribution
geometric standard deviation. g in ESI systems varies
with ESI spray mode, and can be as low as 1.05 in the
cone-jet mode [26] and upwards of 2.0 for unstable ESI
operation. Nemes et al. [49] recently studied the effect
of spray mode on the ESI process experimentally and
determined that signal intensities and, therefore, ESI
efficiency was highest in the cone-jet mode, i.e., when
the geometric standard was low.
The effect of initial droplet size distribution function
on ESI efficiency was also determined here. Analyte
ionization was simulated from a distribution with a
specified DDg and g by first randomly selecting a
droplet diameter from the distribution described by eq
13 [24], then carrying out the evaporation/fission pro-
cess. This simulation procedure was repeated for 5000
droplets to sample the entire size distribution function.
For simplicity in calculation, only the ionization due to
the evaporation/fission process (second term in eq 11)
was considered. The fission based ionization efficiency
as a function of analyte concentration for 20 kDa CP
analytes is shown in Figure 6 for different values of g.
In all cases, the geometric mean droplet diameter was
200 nm. With increasing geometric standard deviation,
the ionization efficiency decreased at low concentra-
tions. Size distribution functions with high geometric
standard deviations describe droplet distributions that
contain large droplets. These large droplets contain the
majority of the analytes and have low ionization effi-
ciencies. At high analyte concentration, the ionization
efficiency was low regardless of the geometric standard
deviation. The simulated results are in excellent agree-
ment with the study of Nemes et al. [49], and as was
cautioned in their work, spray mode has large effects on
the ESI process.
Conclusions
The efficiency of nano-ESI for macromolecules was
Figure 6. Ionization efficiency for 20 kDa CP macromolecules
with different droplet size distribution geometric standard devi-
ations. The geometric mean initial droplet diameter was 200 nm.studied by developing a computational model, whichconsidered the physics and statistics of ESI. This differs
from previous models of ESI, which were developed for
small analytes and relate the decrease in ESI efficiency
to charge depletion. Precise knowledge of solvent prop-
erties, analyte properties, and droplet size are required
for model predictions of ESI efficiency. In this sense, the
current model is a basic skeleton for future modeling
efforts in ESI. Refinements to the model based on
subsequent experimental measurements of ESI solvent
and analyte properties (e.g., interanalyte forces, esti-
mates of the inner droplet-outer droplet partition ratio)
should eventually allow for precise and accurate pre-
dictions for ESI-MS experiments, which will be invalu-
able in macromolecular analysis.
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